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Border Cells in the Drosophila ovaries are a useful genetic model for understanding the molecular events
underlying epithelial cell motility. During stage 9 of egg chamber development they detach from
neighboring stretched cells and migrate between the nurse cells to reach the oocyte. RNAi screening
allowed us to identify the dapc1 gene as being critical in this process. Clonal and live analysis showed a
requirement of dapc1 in both outer border cells and contacting stretched cells for delamination.
This mutant phenotype was rescued by dapc1 or dapc2 expression. Loss of dapc1 function was
associated with an abnormal lasting accumulation of b-catenin/Armadillo and E-cadherin at the
boundary between migrating border and stretched cells. Moreover, b-catenin/armadillo or E-cadherin
downregulation rescued the dapc1 loss of function phenotype. Altogether these results indicate that
Drosophila Apc1 is required for dynamic remodeling of b-catenin/Armadillo and E-cadherin adhesive
complexes between outer border cells and stretched cells regulating proper delamination and invasion
of migrating epithelial clusters.
& 2012 Elsevier Inc. All rights reserved.Introduction
Cell motility is essential during embryonic development as
well as throughout adult life for proper organogenesis, wound-
healing and immune system function (Bouma et al., 2009).
However, cell motility can be detrimental when it contributes
to cancer cell spreading. Understanding the molecular basis of cell
migration remains a challenging question because of the difﬁculty
to reproduce in vitro interactions between migrating cells and
their environment.
Border Cell (BC) migration is a powerful in vivo model of cell
invasion taking place in the Drosophila ovary (reviewed in Rorth,
2002; Ribeiro et al., 2003; Starz-Gaiano and Montell, 2004;
Montell, 2006). Drosophila ovaries are made of developing egg
chambers composed by 16 germline cells (15 nurse cells and
1 oocyte located posteriorly), surrounded by a monolayer of
somatic, epithelial follicle cells (Spradling, 1993). About ﬁfty
anterior follicle cells called Stretched Cells (SCs) spread into a
thin, ﬂat layer covering the nurse cells (NC). At the very anterior
tip, the Border Cells round up and form a cohesive cluster
composed by two central non motile cells, known as Polar Cells
(PCs), and six to eight surrounding outer Border Cells (oBCs)ll rights reserved.
elli).(Montell et al., 1992; Han et al., 2000; Van de Bor et al., 2011). The
BC cluster detaches from the neighboring SC and migrate through
the NC towards the oocyte, contributing to the formation of the
micropyle.
Throughout their migration, oBC and PC form a cohesive
cluster whose migration depends on interactions with the NC,
involving adhesion remodeling. One major actor of cell–cell and
cell–substrate interactions involved in this process is the E-cad-
herin/bcatenin adhesion complex (Halbleib and Nelson, 2006).
Hence, loss of Drosophila E-cadherin (DE-cadherin) or bcatenin/
Armadillo (Arm) function in either BC or NC affects BC migration
(Peifer, 1993; Oda et al., 1997; Niewiadomska et al., 1999;
Pacquelet et al., 2003; Pacquelet and Rorth, 2005). However,
it remains unclear as to how this complex is regulated
during detachment of oBC from the epithelium, preceding cell
invasion.
In order to identify new factors regulating BC migration and/or
delamination, we performed an in vivo directed RNAi screen
(unpublished results). Among different candidates, we isolated
dapc1 as a new gene regulating BC delamination. Both mammals
and Drosophila carry 2 apc genes: apc1 and apc2 (dapc1 and dapc2
in Drosophila) which can be partially redundant in different tissues
(Polakis, 1997; Ahmed et al., 1998; van Es et al., 2001; Ahmed
et al., 2002; Akong et al., 2002a; Akong et al., 2002b; Bienz, 2002).
Interestingly, APC molecules are known to provide a scaffold for a
destruction complex targeting b-catenin/Arm thereby regulating
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Hayashi et al., 1997; Harris and Nelson, 2010).
Here we show that a loss of function for dapc1 or both dapc1
and dapc2 (dapc) in oBC and adjacent follicle cells impaired BC
delamination. This mutant phenotype can be rescued upon over-
expression of either dapc1 or dapc2. Interestingly, impaired
delamination was associated to persistent b-catenin/Arm and
DE-cadherin accumulation at the boundary between mutant
oBC and neighboring follicle cells. Consistently, down regulation
of endogenous b-catenin/arm or DE-cadherin rescued the dapc1
mutant phenotype. These results indicate that Drosophila Apc1
controls the stability of cortical b-catenin/Arm and DE-cadherin,
allowing oBC to detach from the follicular epithelium and
migrate.Materials and methods
Drosophila stocks and genetics
A description of the genetic markers and chromosomes can be
found at Flybase. W1118 served as the control strain. Flies were
cultured under standard conditions at 25 1C, unless otherwise
speciﬁed. The dapc1Q8 ﬂy line was given by Eric Wieschaus
(Princeton University) (Ahmed et al., 1998) and recombined to
generate the FRT-82B, dapc1Q8/TM3, Sb ﬂy line. The FRT-82B,
dapc233/TM6, the FRT-82B, dapc233, dapc1Q8/TM6 and UAS-dapc1
were given by Yashi Ahmed (Dartmouth Medical School)
(Takacs et al., 2008). P[endoP-EGFP-APC2-FL] and P[endoP-EGFP-
APC2-D–C30] were given by Brooke McCartney (Carnegie Mellon
University) (Zhou et al., 2011).
The Upd-Gal4, the Slbo-Gal4, UAS-GFP/Cyo, the c306-Gal4 and
the cb41-Gal4 lines were given by Denise Montell (Johns Hopkins
School of Medicine, Baltimore) (McDonald et al., 2006; Pinheiro
and Montell, 2004). The cb41-Gal4 ﬂies were crossed to UAS-EGFP
ﬂies in order to generate the UAS-EGFP; cb41-Gal4 ﬂy line.
Upd-Gal4; Slbo-Gal4, UAS-GFP/Cyo are from Ghiglione et al.
(2008);
The MARCM markers yw tubGal4 hsFLP 122 UAS-nucGFP-
myc;FRT82B CD21 yþ tubG80.LL3/TM6 are from Ribeiro et al.
(2010).
UAS-dicer-2 (Id 60009), UAS-DE-cadherin.RNAi (Id 8024),
UAS-arm.RNAi (Id 7767) and UAS-acatenin.RNAi (Id 20123) were
obtained from the Vienna Drosophila Ressource Center (VDRC).
FRT-82B (Xu and Rubin, 1993); y[1] arm[1]/FM7c (Peifer et al.,
1991);
P{w[þmC]¼UAS-arm.S10}C, y[1] w[1118] (Pai et al., 1997); y[1]
w[1118]; P{w[þmC]¼UAS-arm.S2}A1 (Pai et al., 1997); w[n];
P{w[þmC]¼UAS-Apc2.GFP}3/TM3, Sb[1] (Akong et al., 2002a;
Akong et al., 2002b); P{Gal4-Hsp70.PB}2 (Brand et al., 1994) were
obtained from Bloomington.RNAi screen
The UAS-RNAi ﬂy collection was obtained from the National
Institute of Genetics Fly Stock Center (http://www.shigen.nig.ac.
jp/ﬂy/nigﬂy/index.jsp). Upd-Gal4; Slbo-Gal4, UAS-GFP virgin
females were crossed to UAS-RNAi males. The Upd-Gal4; Slbo-
Gal4, UAS-GFP/UAS-RNAi females of the F1 generation were put
together with some sibling males for two days at 30 1C before
dissection and analysis of the stage 10 egg chambers. We
considered the open reading frame towards which the RNAi
construct was directed as potentially being important when
abnormal BC migration could be seen in more than 25% of the
egg chambers.The UAS-RNAi constructs targeting dapc1 and dapc2 from the
National Institute of Genetics Fly Stock Center might target 16
other open reading frames in addition to the dapc genes. We
conﬁrmed the screening results (Fig. 1) using the following UAS-
RNAi ﬂy lines from VDRC: Id 51468 (targets dapc1, no off-target)
and Id 11854 (targets dapc2, no off-target).
MARCM clonal analysis
Homozygous dapc233, dapc1Q8 or dapc233 or dapc1Q8 mosaic
clones were generated using the FLP/FRT system (Xu and Rubin,
1993). Mosaic clones were positively marked using the MARCM
system (Lee and Luo, 2001). Flipase expression was driven by the
heat-shock promoter. yw tubGal4 hsFLP 122 UAS-nucGFP-
myc;FRT82B CD21 yþ tubG80.LL3/TM6 ﬂies were mated to FRT-
82B, dapc1Q8/TM3 ﬂies at 25 1C. The females of the genotype: yw
tubGal4 hsFLP 122 UAS-nucGFPmyc;FRT82B CD21 yþ tubG80.LL3/
FRT82B, apc1Q8 were kept with some sibling males at 30 1C for
four days with a daily one hour heat shock induction at 37 1C,
before dissection. Same protocol was used for generating MARCM
dapc233 and dapc233, dapc1Q8 clones.
Statistical analysis were made using Kolmogorov–Smirnov test.
Immunostaining
Ovary dissection, ﬁxation and antibody staining were per-
formed as described by Ghiglione et al. (2002). For immunostain-
ing, the following primary antibodies were used: Rabbit anti-Slbo
antibodies were generated against the peptide ranging from
aminoacids 105 to 237 fused to the GST epitope. Antibodies were
immunopuriﬁed against the His tagged Slbo protein using Afﬁ-Gel
(Bio-Rad Laboratories). Other antibodies used in this study:
Mouse anti-Armadillo [N27A1, 1:50; Developmental Studies
Hybridoma Bank (DSHB)]; mouse anti-Eya [10H6, 1:100; DSHB];
rat anti-DE-cadherin [DCAD2, 1:10 DSHB]; goat anti-dApc1
[dD-17, 1:10 Santa Cruz Biotechnology]; rabbit anti-dApc1
[1:1000; (Hayashi et al., 1997)]; guinea-pig anti-dApc2 [1:12000;
(Takacs et al., 2008)]; rat anti-dApc2 [1:1000; (McCartney et al.,
2006)]; mouse anti-b-tubulin coupled to FITC [1:100 SIGMA].
Secondary antibodies were from Molecular Probes, used at 1:400
and conjugated to Alexa-Fluor-546, CY5 or CY3. DAPI has been
used at 5 mg/ml. Confocal images were taken using a Zeiss LSM
510 META confocal microscope using X40 and 1.3 NA oil immer-
sion objectives.
Egg chamber culture and live imaging
Drosophila ovaries were dissected in Schneider’s insect med-
ium (Biowest) supplemented with 15% of heat inactivated fetal
bovine serum (Biowest), 0.2 mg/ml insulin (19278 Sigma) and
5 ng/ml FM4-64 (T13320 Invitrogen Molecular Probes) and trans-
ferred to labtek chambers (155380 Nunc) coated with Poly-D-
Lysine 2 mg/ml (354210 BD Biosciences) for 1 h at room tem-
perature, and ﬁlled with 500 ml of the same medium. Images were
acquired at 25 1C every 5 min, for 5 h 45 min, using a wide ﬁeld
Deltavision microscope (Applied Precision, D.V 3.0 System, 170
olympus microscope and CH350 camera) and deconvolved using
SoftWorx.
Movie analysis
Movies were analyzed using image J and Fiji softwares.
To quantify the average speed of cluster migration, images were
ﬁrst aligned to reduce errors from egg chamber movement some-
times occurring during the movie. We then tracked the cluster in the
X/Y axis using a manual tracking plugin for ImageJ. (Movies S1–S4)
Fig. 1. RNAi downregulation of dapc1 in BCs interferes with cluster migration. (A): Quantiﬁcation of BC migration defects in egg chambers heterozygous or not for dapc1Q8
loss of function allele in which different transgenes can be expressed in the PC (U) and the oBC and adjacent SC (S), or in the oBC and adjacent SC (S) alone. The transgenes
of interest are the GFP, that allows tracking of the cluster (white arrowheads), dapc1i: the double stranded RNA construct targeting dapc1, and dicer-2 that allows the
enhancement of the RNAi process. Indicated are the percentages of BC that reached the oocyte (white), that did not delaminate (black), that migrated part of the distance to
the oocyte (light gray to dark gray) in egg chambers at stage 10 of development. n: number of examined egg chambers. (B): Control stage 10 egg chamber expressing GFP in
the oBC. Note that the BC cluster has reached the oocyte (white arrowhead). (C) Stage 10 egg chamber heterozygous for dapc1 mutant allele expressing GFP together with
dicer-2 and dapc1i in the oBC. Note that the mutant BC cluster did not delaminate (white arrowhead). Egg chambers are stained for GFP (green) and DAPI (blue) to localize
the nuclei. (B)–(C): White bar is 20 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Drosophila apc1 downregulation impairs border cell migration
We used an in vivo inducible RNAi strategy to screen for new
genes involved in BC migration. UAS-RNAi transgenic ﬂies from
the NIG-FLY stock center were individually crossed to the ‘‘US’’
ﬂies, carrying unpaired Gal4 (U) and slow border cells Gal4 (S)
drivers, allowing respective expression in the PC and in the oBC
plus a few adjacent SC. The line also carries a UAS-GFP transgene
allowing direct BC visualization (Pinheiro and Montell, 2004).
We classiﬁed the migration abnormalities in different groups:
absence of delamination, incomplete migration or normal migra-
tion. Crosses leading to abnormal BC delamination and/or migra-
tion in 25% or more of stage 10 egg chambers were selected for
further analysis.
Among different candidates, the RNAi construct targeting
CG1451 interfered with BC migration. We conﬁrmed these results
by using RNAi transgenic ﬂies from the VDRC collection
(Fig. 1; see Materials and methods). CG1451 encodes for the
Drosophila Adenomatous polyposis coli protein 1 (dApc1). These
migration defects were also observed using the c306-Gal4 driver
that is expressed in BC and anterior SC (Manseau et al., 1997)
(data not shown). Lastly, this phenotype persisted when dapc1-
RNAi (dapc1i) was expressed exclusively in oBC and adjacent SC
using the slow border cells Gal4 driver alone (Fig. 1A). Interestingly, we
observed that the BC cluster was sometimes unable to delaminate.
When delaminating, it followed the wild type pathway crawlingthrough the NC but often harbored a delay in migration. The dapc1Q8
allele is a loss of function allele leading to the synthesis of a protein
deleted from all the b-catenin/Arm binding sites (Ahmed et al., 1998).
Interestingly, when dapc1i was expressed in a dapc1Q8 heterozygous
context we observed an enhancement of BC migration defects. The
phenotype was further enhanced when we concomitantly expressed
dicer-2 in order to improve the RNAi efﬁciency (Fig. 1) (Bernstein et al.,
2001).
We next determined dApc1 and dApc2 expression pattern in
the egg chamber using antibodies and a GFP reporter line (Figs. S1
and S2) (see Materials and Methods). Drosophila Apc1 and Apc2
are ubiquitously expressed in the egg chamber at all stages of
development. Both proteins are found in the cytoplasm and are
clearly enriched at the cell cortex. Interestingly, we noticed a
stronger staining at the junction between BC cluster and sur-
rounding cells. Altogether, these results suggest that dapc1 is
required in somatic cells for cluster migration.
Loss of dapc1, but not dapc2 function both in BC and contacting SC
interferes with cluster delamination
In order to characterize in more details the migration pheno-
type, we generated dapc mutant clones. In Drosophila, dapc1 and
dapc2 act redundantly, except in the Drosophila compound eye
neurons (Ahmed et al., 1998). We therefore generated MARCM
clones (McGuire et al., 2003) mutant for dapc1 or dapc2 or dapc1
and dapc2 (dapc), using dapc233 and dapc1Q8 loss of function
alleles (Benchabane et al., 2008; Takacs et al., 2008). To distin-
guish the different FC populations, we used Eya and Slbo mole-
cular markers. Indeed, the SC express Eya but not Slbo, the PC
express Slbo but not Eya and the oBC express both Eya and
Slbo (Fig. 2A–B0) (Bai and Montell, 2002; Montell et al., 1992).
Fig. 2. Loss of dapc1, but not dapc2, function in SC and oBC interferes with BC migration. (A): The Eya and Slbo double immunostaining allows to discriminate the SC
characterized by the sole expression of Eya from the PC characterized by the sole expression of Slbo and the oBC expressing both Eya and Slbo. Mutant cells are GFP
positive. (B): Stage 10 dapc1 mutant MARCM mosaic egg chamber stained for GFP (green), DAPI (light blue) to mark the nuclei, Eya (dark blue) and Slbo (red).
(B0): Magniﬁed view of the BC cluster seen in B (white square). (C–E0): stage 10 dapc (C–C0); dapc1 (D–D0) and dapc2 (E–E0) mutant MARCMmosaic egg chambers stained for
GFP (green). C, D, E are sum of confocal planes, C0 , D0 , E0 are single confocal planes. White arrows point to the mutant clusters. (B–E): White bar is 20 mm. (F): Quantiﬁcation
of BC migration defects in stage 10 dapc, dapc1 or dapc2mutant MARCM mosaic egg chambers in which most of the SC are wild type or mutant and all the oBC are mutant.
Indicated are absence of delamination (dark gray), partial migration (gray) or wild type migration (light gray). n: number of examined egg chambers. Note that in dapc and
dapc1 mutant MARCM mosaic egg chambers, clusters that do not delaminate from the apical pole are always associated to mutant SC. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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migrated normally in 95% of the egg chambers. In contrast, when
both oBC and adjacent SC were mutant, BC cluster remained at
the anterior pole in about 40% of the egg chambers, failed to reach
the oocyte in about 40% of the egg chambers and showed the right
migration timing in only 20% of the egg chambers (Fig. 2C–F).
Loss of dapc2 function did not generate signiﬁcant migration
defects (Fig. 2E–F). Unfortunately, no egg chamber in which the
SC were mutant and the oBC wild type could be observed. Hence,
in order to determine whether dapc1might be required in SC only
or both in SC and oBC, we turned back to the UAS-RNAi approach
and used the cb41-Gal4 driver to randomly downregulate dapc1
expression in FC except BC (McDonald et al., 2006). In order to
enhance the RNAi efﬁciency, we concomitantly expressed dicer-2
(Bernstein et al., 2001). In 28 egg chambers in which dapc1
expression was downregulated in SC only, we never detected BC
cluster migration defects (data not shown). Hence, lack of dapc1
but not dapc2 in both SC and oBC prevents BC cluster migration.
These results suggest that dapc1 might be involved in adhesive
junction remodeling between oBC and SC, a process which is
essential to BC cluster delamination.
Both dapc1 and dapc2 overexpression can rescue dapc loss of
function phenotype
To understand better this cluster migration defect, we per-
formed rescue experiments of the dapc1 mutant phenotype by
expressing dApc1 wild type protein (Ahmed et al., 2002), speci-
ﬁcally in the mutant cells. Immunohistochemistry revealed thatdApc1 was clearly overexpressed in the rescue experiments
(Fig. 3B and Fig. S1 F).
In order to quantify the rescue efﬁciency, we focused on egg
chambers in which most of the SC and all of the oBC were mutant.
Expression of dApc1 signiﬁcantly rescued the dapc1 mutant
phenotype since BC cluster reached the oocyte in 51% of the egg
chambers (compared to 20% in mutant egg chambers Fig. 3A and
B). We next assessed whether dApc2 overexpression was able to
rescue the dapc1 mutant phenotype and whether this putative
property would be linked to its subcellular localization. We
therefore generated MARCM dapc1 mutant clones expressing an
EGFP tagged dApc2 full length protein (EGFP-dApc2-FL), that
localizes to the cell cortex (Fig. 3E–E0) or a deleted dApc2 protein
lacking a 30 amino acid C-terminal domain: EGFP-dApc2-DC30,
that remains in the cytoplasm and no longer accumulates at the
cell cortex (Fig. 3F–F0) (Zhou et al., 2011). Both EGFP tagged dapc2
transgenes are under the control of the dapc2 promoter. Interest-
ingly and in contrast to EGFP-dApc2-DC30, the EGFP-dApc2-FL
generated a partial rescue that is statistically signiﬁcant (Fig. 3A
and C). We concluded that the difference in the rescuing efﬁcien-
cies between the two dApc2 proteins resulted from their intra-
cellular localization. In light of these results it is interesting to
note that when overexpressed, dApc1 localizes not only at the cell
cortex (Fig. 3B), but is also clearly present in the cytoplasm
(Fig. 3D–D00). Since dapc1 overexpression did not notably interfere
with BC migration (Fig. 4 and data not shown), this latter
localization might explain the absence of total rescue. Altogether,
these results indicate that the dapc1 mutant BC migration defect
is rescued by dApc1 or cortical dApc2.
Fig. 3. dapc1 or dapc2 overexpression rescues dapc1mutant phenotype. (A): Quantiﬁcation of BC migration defects in stage 10 dapc1mutant MARCMmosaic egg chambers
harboring additional transgenes. These are the dapc1 transgene under the control of a UAS promoter or EGFP-dapc2 alleles under the control of dapc2 promoter [pendoP]
encoding either the full length dApc2 [EGFP-dapc2-FL] or a truncated molecule [EGFP-dapc2-DC30]. Most of the SC and all the oBC are mutant. Indicated are the percentages
of BC clusters that did not delaminate (dark gray), that migrated partially (gray) or reached the oocyte (light gray). n: number of examined egg chambers. (B–C): Stage 10
dapc1 mutant MARCM mosaic egg chambers harboring either a UAS-dapc1 transgene (B) or a EGFP-dapc2-FL transgene under the control of the dapc2 promoter (C). Egg
chambers are stained for dApc1 (red in B) and GFP (green) to mark homozygous mutant clones (B–C) and GFP tagged-dApc2 (C). Insets showmagniﬁcation of the BC cluster
that reached the oocyte (green arrowhead). Small white arrowheads point to cortical dApc1 (B) and cortical dApc2 (C). (D–D’’): BC cluster expressing a UAS-dapc1
transgene in the oBC. Cells are stained for b-tubulin (green) and dApc1 (red). Note in D that both stainings partially overlap indicating that both proteins can colocalize
(arrowheads). Thus when overexpressed, dApc1 localizes not only at the cell cortex but also in the cytoplasm. (E–F0): Stage 9 egg chambers expressing, under the control of
the dapc2 promoter, either EGFP-dApc2-FL (E–E0) or EGFP-dApc2-DC30 (F–F0). Egg chambers are stained for EGFP-dApc2. E0 and F0 are rainbow representations of E and F,
respectively. This representation allows the distinction of EGFP-dApc2 levels that can be strong (red), medium (yellow) or low (blue). Insets show magniﬁcation of the BC
clusters. Note that the full length EGFP-dApc2 is mostly cortical whereas EGFP-dApc2 DC30 is diffused in the cytoplasm. This latter protein allows to clearly see dapc2
expression in FC. White bars are 20 mm in B, C, E and F and 5 mm in D. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Loss of dapc1 function in oBC and contacting SC leads to BC
delamination defects as well as migration delays. The migration
delay phenotype could be a consequence of late delamination, or a
direct effect of the lack of dApc1 during the migration process. To
discriminate between these two hypotheses, we performed live
imaging of egg chambers in which we knocked down dapc1 using
the RNAi approach or in which BC and contacting SC were mutant
for dapc1 function using the MARCM approach (supplemental
movies). Because we observed some variability in the speed rate
of the BC depending on the genetic background, we systematically
associated the corresponding control to any experiment. In control
egg chambers, BC delaminated early to mid stage 9 (Fig. 4A). In
contrast, loss of dapc1 function in oBC and contacting SC clearly
delayed the timing of delamination. Indeed in 8 dapc1 mutant
MARCM mosaic egg chambers, 3 mutant clusters stayed at the
anterior pole, 3 delaminated at late stage 9 and 2 delaminatedduring the ﬁrst half of stage 9 (Fig. 4A). Similar observations were
seen when using the RNAi approach. In this latter case, 2 clusters
remained at the anterior pole, one delaminated at late stage 9 and
no cluster delaminated during early stage 9 (Fig. 4A). These results
conﬁrmed that dapc1 function is required in adjacent SC and BC for
proper delamination to occur. When the mutant BC cluster was able
to delaminate and move toward the oocyte, we measured its
average speed (Fig. 4B). Interestingly, the reduction of dapc1 func-
tion did not signiﬁcantly affect velocity compared to the controls.
Hence, migration delays observed are likely to be due to late cluster
delamination. These results therefore suggest that dapc1 controls
delamination rather than the dynamics/velocity of BC migration.
dapc1 down regulates cortical b-catenin/Arm
One of the Apc protein partner is b-catenin/Arm, a remarkably
multifunctional protein serving both in epithelial cell adherens
junctions together with DE-cadherin and when complexed with
Fig. 4. Loss of dapc1 function in SC and oBC delays cluster delamination but does
not affect BC migration. (A) Live imaging was performed on control or dapc1
mutant MARCM mosaic egg chambers in which all oBC and contacting SC were
mutant. Live imaging was also performed on egg chambers heterozygous or not
for dapc1 mutant allele and expressing different transgenes allowing the expres-
sion of GFP, dapc1i, dicer-2 or dapc1 in oBC and adjacent SC. Data was analyzed to
determine the timing of cluster delamination that could be early stage 9 (white),
mid stage 9 (light gray), late stage 9 (dark gray), or unsuccessful (black). n:
number of movies analyzed. (B): Live imaging data were analyzed to determine
the average velocity (mm per minute) of the different clusters when they had
delaminated. n: number of movies analyzed.
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activator in the evolutionarily conserved Wnt/Wingless signal
transduction pathway (reviewed in Willert and Nusse, 1998).
In order to better understand the molecular function of dapc1
during delamination we analyzed the expression of b-catenin/
Arm and some of its partners involved in cell adhesion.In wild type stage 8 egg chambers, BC are still part of the
follicular epithelium surrounding the NC (data not shown).
At early stage 9, the oBC adhesions with neighboring SC have to
be remodeled to allow the cluster to delaminate and migrate
toward the oocyte. As can be seen in Fig. 5, in a delaminating
cluster, b-catenin/Arm strongly accumulates at the boundary of
oBC with PC (Fig. 5A–A000). In comparison, b-catenin/Arm staining
is much reduced at the interface between the oBC and between
the oBC and NC or SC (Fig. 5A–A000). Such staining reﬂects
adhesiveness strength between cells. Indeed, cellular interactions
need to be strong between oBC and PC to insure the cluster
cohesion and to be more loose and dynamic between oBC and
other cell types to allow detachment from SC and migration.
Interestingly, in dapc and dapc1 loss of function conditions, instead
of decreasing prior to delamination, b-catenin/Arm and DE-cadherin
stainings remained important at the boundary between oBC (Fig. 5B–
C000), but also at the boundary between oBC and SC (Fig. 5B–C000) and in
between SC (Fig. 5B–B000). Loss of dapc function in SC also interferes
with their spreading (data not shown). This steady staining was not
observed at the interface of a mutant oBC with a wild type SC
(Fig. 5D–D000, pink arrowheads) or a wild type oBC with a mutant SC
(Fig. 5E–E000, pink arrowheads), nor was it observed at the interface of
dapc2 mutant oBC and SC (Fig. S2 F–F000). Remarkably, (Fig. 5)
persistence of b-catenin/Arm and DE-cadherin staining, reﬂecting
maintenance of cell adhesiveness in dapc1 mutant conditions, is
apparent only whenmutant BC contact mutant SCwhich is consistent
with our genetic analysis (Figs. 2 and 3).
Together, these results suggest that dApc1 favors dismantling
of b-catenin/Arm and DE-cadherin containing adhesion com-
plexes thereby inﬂuencing epithelial FC adhesion and BC detach-
ment from SC.
Modulation of b-catenin/Arm and DE-cadherin levels is independent
of Wg and can rescue dapc1 phenotype
We next wondered whether dapc function was dependent on
Wg signaling and tested whether Wg gain of function in oBC
might inﬂuence BC migration. We used the activated armS10
allele, which lacks a GSK-3b phosphorylation site (aa 34–87)
controlling protein degradation after phosphorylation. As a result,
ArmS10 escapes normal negative regulatory cues and it accumu-
lates at the membrane, in the cytoplasm and nucleus of all cells
regardless of whether they receive or not the Wg signal. Even
though ArmS10 is constitutively active in Wg signaling, it is also
functional in adherens junctions. Nevertheless, when overex-
pressed in oBC, ArmS10 did not inﬂuence BC migration (Pai
et al., 1997; Loureiro et al., 2001 and data not shown) indicating
that BC migration is not inﬂuenced by Wg signaling.
In order to conﬁrm the importance of b-catenin/Arm and
DE-cadherin in dapc and dapc1 mutant phenotypes, we ﬁrst
down-regulated b-catenin/Arm and DE-cadherin levels in the
mutant cells. Lowering b-catenin/Arm levels by using a RNAi
construct signiﬁcantly rescued both dapc and dapc1 mutant
phenotypes (po0.01) (Fig. 6A and B). Indeed, 69% of dapc mutant
and 75% of dapc1 mutant oBC migrated normally to the oocyte (as
compared to 26.5% of dapcmutant and 17.5% dapc1mutant oBC in
which b-catenin/arm expression is not down regulated). Although
not as efﬁcient, DE-cadherin downregulation also partially rescued
dapc1 mutant phenotype (Fig. S3). Surprisingly overexpression of
b-catenin/arm in mutant cells also generated a partial rescue. This
rescue appears qualitatively different from the rescue generated
by downregulation of b-catenin/arm. Indeed although 90% of the
clusters are able to delaminate when overexpressing b-catenin/
Arm, only 22% of dapc1 and 50% of dapc mutant clusters are able
to reach the oocyte in time (as compared to 75% of the dapc1
mutant and 69% of dapc mutant clusters in which we knocked
Fig. 5. dapc is essential for dismantling b-catenin/Arm–DE-cadherin containing adhesion complexes between oBC and neighboring SC. (A–A000): Early stage 9 egg chamber
expressing GFP in oBC and adjacent SC stained for GFP (green), DAPI (light blue) to mark the nuclei, b-catenin/Arm (red) and DE-cadherin (dark blue). Note that b-catenin/
Arm and DE-cadherin stainings are stronger at the interface of oBC with PC (long dashed green arrow) compared to the interface of oBC with oBC (small green arrow), NC
(green arrowhead) and SC (long green arrow). This staining reﬂects oBC adhesion strength with its environment. (B–E000): BC of stage 10 dapc (B–B000) and dapc1 (C–C000)
mutant MARCM mosaic egg chambers or stage 9 dapc1 (D–D000) and dapc (E–E000) mutant MARCM mosaic egg chamber, stained as in A. Note that loss of dapc or dapc1
function both in oBC and contacting SC leads to DE-cadherin and b-catenin/Arm abnormal persistence at their interface (long white arrow). DE-cadherin and b-catenin/
Arm abnormal accumulation can also be seen at the interface of mutant SC (white arrowhead) or mutant oBC (small white arrow). In the early stage 9 delaminating cluster
(D–E), b-catenin/Arm and DE-cadherin stainings are weaker at the interface of mutant oBC with wild type SC (D, pink arrowheads) or wild type oBC with mutant SC
(E, pink arrowheads) compared to the interface of mutant oBC with mutant SC (D–E, white arrowheads). (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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b-catenin/Arm, the overexpression of ArmS10 did not rescue the
dapc1 mutant phenotype (see discussion).
Finally we determined the role of a-catenin, another compo-
nent of the adherens junction, on BC migration. The a-catenin
proteins link the DE-cadherin-b-catenin/Arm complexes to the
actin cytoskeleton which is essential for cell adhesion (Hirano
et al., 1987; Nagafuchi et al., 1994). Downregulation of a-catenin
levels in the anterior FC, using the RNAi approach, strongly
interfered with the egg chamber development when the ﬂies were
raised at 30 1C. At 25 1C however, a-catenin downregulation
interfered with BC migration in 37% of the egg chambers (Fig. S4
A and B, white arrow). At this temperature, dapc1 downregulation
did not impair BC migration (Fig. S4 A and C, white arrow). But
interestingly the a-catenini phenotype was enhanced when dapc1
was concomitantly downregulated and the BC delamination pro-
cess was strongly affected (Fig. S4 A and D, white arrow).These experiments suggest that a-catenin, b-catenin and
DE-cadherin are regulated by dApc1 for proper BC delamination
(Fig. 7). This mechanism does not depend on Wg signaling.Discussion
Cell migration is a dynamic process involving multiple cell–cell
and cell–substrate interactions. It is therefore important to better
characterize the molecular mechanisms underlying cell adhesion
during all stages of cell invasion. BC migration represents a
powerful in vivo model, as cells become motile through a multi-
step process involving cluster assembly and cohesion, delamina-
tion from the follicular epithelium, and labile interactions with
nurse cells throughout migration. All these processes require the
dynamic remodeling of DE-cadherin and b-catenin/Arm during
adhesion. Indeed, an artiﬁcial DE-cadherin-b-catenin/Arm fusion
Fig. 6. b-catenin/Arm levels modulate the dapc and dapc1 loss of function
phenotypes. Quantiﬁcation of BC migration defects in stage 10 dapc or dapc1
mutant MARCM mosaic egg chambers in which b-catenin/Arm levels are either
lowered in the mutant cells by the use of UAS-armi transgene allowing the
expression of a double stranded RNAi construct targeting b-catenin/arm expression
or enhanced by overexpressing a wild type or an activated form of b-catenin/arm,
respectively arm and arm-S10, under the control of a UAS promoter. Most of the SC
and all the oBC are mutant. Indicated are the percentage of BC that did not
delaminate (dark gray), that migrated partially (gray) or reached the oocyte
(light gray). n: number of examined egg chambers. Note that b-catenin/arm up-
and down regulation signiﬁcantly rescued the dapc and dapc1 mutant phenotype.
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migration (Pacquelet and Rorth, 2005).
Several mechanisms can regulate DE-cadherin–b-catenin/Arm
interactions. In cell culture systems, Apc proteins have been shown
to be able to compete with E-cadherin for b-catenin/Arm binding. As
a result, b-catenin/Arm is continuously incorporated into and
released from adherens junctions. Hence b-catenin/Arm exchange
is strongly affected in cells containing mutations in the apc gene
(Hulsken et al., 1994a; Hulsken et al., 1994b; Klingelhofer et al.,
2003). Nevertheless, little is known about the molecular events
involved in cell delamination and about the role of Apc in this
process. In order to better understand how cell–cell and cell–
substrate interactions control BC migration, we performed anRNAi-based genetic screen and identiﬁed dapc1 as a key regulator
of BC delamination.
Drosophila Apc1 regulates adhesion between BC and SC allowing
BC delamination
Our results show that dApc1 regulates BC delamination
through DE-cadherin–b-catenin/Arm remodeling at the interface
between oBC and SC. Indeed, loss of dapc1 function in oBC
and adjacent SC led to abnormal persistence of DE-cadherin and
b-catenin/Arm proteins at their boundary preventing them to
detach from neighboring cells. Down regulation of b-catenin/arm
or DE-cadherin rescued the dapc1 mutant phenotype indicating
that loss of dapc1 function indeed increases adhesion strength
between oBC and adjacent SC. Our results ﬁt with a model (Fig. 7)
in which dApc1 regulates BC–SC adhesion acting at two levels.
First, dApc1 competes with DE-cadherin for b-catenin/Arm bind-
ing, hence regulating the interaction between DE-cadherin and
b-catenin/Arm and thereby adhesion remodeling. Second, dApc1
also favors b-catenin/Arm degradation, thereby controlling the
level of proteins involved in adhesion. Altogether, this allows
dApc1 to regulate negatively global adhesion strength in between
oBC and SC and control BC delamination (Fig. 7A).
In the absence of dApc1, the half-life of b-catenin/Arm is
sustained, its interaction with DE-cadherin is favored and as a
consequence cells display at their surface a higher number of
stable adhesions (Fig. 7B). The dapc1 over-adhesive phenotype can
be rescued by lowering b-catenin/Arm levels, rendering delamina-
tion again possible (Fig. 7C). Surprisingly, overexpression of b-
catenin/Arm in dapc1 mutant cells also generated a partial rescue
of the dapc1 mutant phenotype. Although most of the BC clusters
did not reach the oocyte in time, some mutant clusters were able
to delaminate. Overexpression of b-catenin/Arm probably
bypasses the need of dApc. Indeed excess of b-catenin/Arm
molecules generates inter-molecular competition for DE-cadherin
binding, rescuing partially BC delamination. In contrast to wild
type b-catenin/Arm, the overexpression of ArmS10 did not rescue
the dapc mutant phenotype. ArmS10 lacks a sequence (aa 34–87)
that contains a consensus GSK-3b phosphorylation site leading to
the degradation of wild type b-catenin/Arm protein after phos-
phorylation. This suggests that b-catenin/Arm phosphorylation by
GSK3-b kinase is required for BC delamination (Kim and Kimmel,
2000). Our results are consistent with previous data obtained in
HUVECs showing the presence of Apc and b-catenin/Arm contain-
ing complexes that are phosphorylated by GSK3b/CKI, favoring
their degradation (Harris and Nelson, 2010).
The dapc mutant phenotype requires loss of dapc both in oBC
and adjacent SC. Indeed, when mutant BCs interact with wild type
SCs, or vice-versa, abnormal accumulation of b-catenin/Arm and
DE-cadherin is no longer detectable in between the mutant and
wild type cells and BC delaminate, migrate and reach the oocyte
normally. This suggests that in the absence of dapc, DE-cadherin
from the mutant cell can still establish a functional interaction
with DE-cadherin from the wild type cell. The remodeling of
b-catenin/Arm–DE-cadherin in the wild type cell is probably
sufﬁcient to allow the release of the mutant cell.
Live imaging of migrating BC clusters revealed that oBC change
their position within the cluster throughout migration (Prasad and
Montell, 2007). Loss of dapc function led to persistent b-catenin/Arm
and DE-cadherin at cell boundaries (oBC–oBC and oBC–SC interfaces),
therefore potentially increasing cluster stiffness. However, we did not
observe any defect in mutant oBC tumbling or cluster velocity,
suggesting that dApc1 is not essential for regulating inter-oBCs
interactions during migration.
Several models from cell culture to mouse have been used to
study Apc function. Wild type Apc acts as a scaffold for many
Fig. 7. Model for dapc1 function. (A): In wild type cells, cortical dApc1 competes with DE-cadherin for b-catenin/Arm binding and targets b-catenin/Arm for destruction. Thereby
dApc1 regulates adhesion strenght between oBC and SC, allowing BC delamination early stage 9. It remains to be determined what and how signaling pathways regulate dApc1
and its partners. (B): The absence of dApc1 has two consequences: b-catenin/Arm accumulates abnormally at the cell cortex and this favors its interaction with DE-cadherin.
These two events stabilize BC–SC adhesion which delays or prevents BC delamination. (C): In such a dapc1 mutant context, lowering b-catenin/Arm accumulation reduces the
number of functional DE-cadherin adhesion complexes in between SC and oBC, reducing thereby the adhesion strength and allowing BC cluster delamination.
F.M. De Graeve et al. / Developmental Biology 368 (2012) 76–8584proteins including F-actin, microtubules, b-catenin/Arm, and
regulates multiple biological processes independent of Wg signal-
ing, such as chromosomal segregation, cell adhesion, cell migra-
tion and recently apical cell extrusion (reviewed in Aoki and
Taketo, 2007; Kroboth et al., 2007; Marshall et al., 2011).
Our results show that BC migration provides a new powerful
model, out of Wg inﬂuence, unraveling mechanisms regulating
collective cell migration in vivo with important implications for
wound healing and tumor metastasis.Acknowledgments
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